Over the last two decades, a substantial effort has been devoted to the design of molecules with enhanced NLO responses. It has become increasingly clear over recent years that multipolar structures offer challenging possibilities in this respect. In particular, the octupolar framework provides an interesting route towards enhanced NLO responses and improved nonlinearity-transparency trade-off. In this perspective, we have implemented an innovative route based on octupolar structures derived from the boroxine ring. By grafting three electron-donating appendices on the electrondeficient boroxine core, octupolar quasi-planar molecules displaying markedly improved nonlinearity-transparency trade-off, as compared to the prototypical octupole (TATB) or the extensively studied triazine derivatives, were designed. This route indeed led to octupolar molecules showing (0) values (from calculations and solution measurements) larger than that of TIATB while remaining blue-shifted by nearly 100 nm and totally transparent in the visible region. Combined experimental and theoretical investigations reveal that this behavior is related to a peripheryto-core intramolecular charge transfer phenomenon in relation with the low-aromaticity and electron-withdrawing character of the boroxine ring. This study opens a new route for molecular engineering of transparent octupolar derivatives for NLO, including the design of effective materials for SHG in the visible-blue region.
INTRODUCTION
The field of molecular nonlinear optics (NLO) has attracted increasing attention over the past twenty years, [1] [2] [3] owing to its connection with essential issues such as charge transfer, (hyper)polarizabilities, conjugation, as well as to various applications in different fields including material science (telecommunications, 4 optical data storage and information processing, 5 microfabrication [6] [7] [8] ) as well biological imaging… 9, 10 Second-order NLO effects such as second harmonic generation (SHG) or electro-optic modulation (EOM) require the design of chromophores that exhibit enhanced quadratic responses. Molecular engineering of one-dimensional (1-D) chromophores has been particularly active, leading to push-pull derivatives displaying giant off-resonance first-order ( ) 11, 12 hyperpolarizabilities. Such chromophores however display an intense absorption band in the visible region due to a strong intramolecular charge transfer (ICT) transition. Novel strategies were thus needed for optimizing the efficiency-transparency trade-off, especially in the context of the search for effective materials for SHG in the visible. In this perspective, the octupolar route pioneered by Lehn, Zyss and coworkers 13, 14 offers a wide range of possibilities towards enhanced NLO responses. The octupolar structures also offer interesting potentialities for the design of EOM materials that would be insensitive to polarization.
These attractive features have prompted numerous studies devoted to novel multidimensional and multipolar structures taking advantage of the tensorial nature of hyperpolarizabilities, 3, 15, 16 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) being the prototypical structure. 13, [17] [18] [19] A range of octupolar molecules with a two-dimensional (2D) character and a threefold rotational symmetry axis have been investigated such as those derived from trisubstituted benzenes 20, 21 (in particular triphenylbenzenes [22] [23] [24] [25] ) and hexasubstituted benzenes 19, 26, 27 (in particular tricyanobenzenes, In this general framework, our goal has been the design of novel octupolar systems exhibiting both improved transparency and higher nonlinearity than TATB or the widely studied octupolar triazine derivatives. Our approach isbased on the functionalization of an heterocyclic moiety, the boroxine core (Fig. 1) , which is both stable, planar, electron-deficient and has low-aromaticity. Surprisingly, the potentialities of molecular boroxine derivatives for NLO have been overlooked until recently, 53 though boron inorganic crystals -such as BBO which is used in wavelength conversion devices 54 -have long been know to display interesting NLO properties. We have thus investigated a series of three octupolar molecules built from the boroxine ring via the symmetrical grafting of three electron-releasing groups on the electron-deficient core (Fig 1) . By increasing the electron-donating strength of the substituents, we were aiming at increasing their quadratic hyperpolarizabilities. 55 Phenyl units were selected as rigid linkers between the substituents and the core so as to allow periphery-to-core intramolecular charge-transfer to take place while maintaining suitable transparency. Due to the absence of steric hindrances and in contrast with trisubstituted benzenes, 20, 21 triarylboroxines usually lead to quasi planar structures. 56, 57 This is a common feature with octupolar triazines derivatives that have been investigated for optimization of the nonlinearity-transparency trade-off. 20, 26, 27, 35 However, the boroxine shows much lower aromatic character, 58, 59 which is expected to lead to higher nonlinear optical responses. 
METHODOLOGY

Materials
Triarylboroxines are easily obtained from the corresponding boronic acids via a cyclocondensation reaction leading to the corresponding cyclic trimeric anhydride (Figure 2) . Interestingly, the presence of electron-donating substituents has been reported to increase the stability of triorganoboroxine derivatives towards hydrolysis. 
Linear and non linear optical measurements
Absorption and harmonic light scattering (HLS) measurements have been performed for molecules B1-B3 in chloroform. UV/VIS spectra were recorded on a Jasco V-570 spectrophotometer. The first hyperpolarizabilities of octupolar molecules were determined by HLS experiments in solution performed at 1.064 mm locating the second harmonic signal in the transparency region. This procedure avoids possible contamination of the HLS signal by twophoton excited fluorescence. In addition, the boroxines B1-B3 did not show any detectable fluorescence when excited in their absorption band.
Firstly introduced by Terhune and Maker, 61,62 the technique of HLS experiments is based on the analysis of the incoherent scattered second harmonic signal from an isotropic medium. It is particularly useful to investigate multipolar molecules and ionic species not tractable with EFISH. 63, 64 As resulting from an incoherent process, the scattered nonlinear intensity I can be expressed as for a solution with N (N 1 ) chromophores (solvent) per ml of solution. Here G embodies geometrical factors and experimental correction terms and the brackets refer to statistical isotropic orientational averaging. G evaluation proceeds from the calibration of the experiment, by means of a reference CCl 
X-Ray study
The single crystal of boroxine derivative B1 (formula: C 21 H 21 B 3 O 6 ) used for the X-Ray study was a colorless prism, 0.6 0.45 0.2 mm with D c = 1.271 g cm -3 , grown from crystallization in chloroform. X-ray diffraction data were collected using a Nonius Kappa CCD diffractometer with graphite-monochromated Mo K radiation (=0.71073 Å) at 293 (2) K. Refinement on all 4196 reflections leads to R-factors of R 1 = 0.0502, wR 2 = 0.1184 for I > 2 (I). Extensive crystallographic data and details can be found in CCDC 216501.
Computational details
Both solvation effects and vibrational contributions were neglected. Optimized molecular ground state geometries and electronic properties were obtained using the Gaussian 98 package 66 at the density functional theory (DFT) B3LYP 67 level using the 6-31G* basis set. Once we had verified that all compounds of the series lead to planar conformations, C 3h symmetry was imposed for molecules B1 and B2 whereas D 3h symmetry was assumed for derivative B3. Agreement with experiment was found satisfactory so that we did not found necessary to improve geometry optimization by either changing the level of theory or using a more extended basis set. First order static hyperpolarisabilities ijk were performed at both Hartree-Fock (HF) and B3LYP levels starting from the B3LYP/6-31G* optimized geometry. Whereas the B3LYP calculations of ijk require a numerical finite field procedure, HF level of theory permits analytical derivatives, which reduce both computational effort and numerical errors. Comparing results out of numerical and analytical procedure at the HF level allows us to check for possible numerical instabilities. In Gaussian 98 package, 66 ijk are given in atomic units and defined within a Taylor series expression of the dipole moment ( T convention of ref.
65
). Experimental data being given using the X convention, 65 a multiplicative conversion factor of 2.1598 10 -33 should be applied to theoretical data. For symmetry reasons, components of the first order hyperpolarisability tensor are not all independent. For a molecule with D 3h symmetry, the only non-zero components are xxx = xyy = yxy = yyx and the modulus is given by 2 xxx . In the case of C 3h symmetry, the additional non-zero components are yyy = yxx = xyx = xxy and the modulus is thus given by 2 A dipolar model, shown in Figure 3 , has been constructed to perform a limited set of test of both level of theory and basis set size. Table 1 shows that for a given basis set (6-31G*) MP2 and B3LYP level of theory lead to comparable results whereas HF estimates are 30% smaller. This is an indication that contribution due to electronic correlations might be significant in related compounds. On the other hand, when increasing the basis set size we do not observe any drastic change. We are aware that octupolar derivatives might behave differently from our dipolar model and that one should seek for more extended basis sets as it is well known that computation of accurate non-linear optical properties are much more demanding then other properties such as molecular geometries or ground state electronic properties. Nevertheless, we believe that B3LYP/6-31G* calculations are enough sufficient to discuss the trends. All calculations presented in section 3.3. are thus obtained within this approximation. As for our dipolar model, HF results for compound B1-B3 are systematically smaller then those obtained within B3LYP. 384-1.386 Å) . 56, 57 The three phenyl rings are substantially different from each other, the average of all six C-C bond length ranging from 1.380 to 1.386 Å as a consequence of intermolecular interactions. Nevertheless, bond lengths and angles remain within normal range for phenyl rings including the smaller C-C-C angles of the boron substituted carbon (116.3°) commonly observed for other phenyl substituents. As can be seen on Figure 5 and Table 2 , the calculated molecular geometry of compound B1 is in quite good agreement with the one deduced from X-Ray diffraction on single crystals. Most of the bond lengths are slightly overestimated with the exception of the C-O bonds connected to the phenyl ring. Bond angles are almost within experimental error for the boroxine ring. Maximum deviation is observed for the phenyl rings. Bearing in mind that molecules become deformed in the crystal due to intermolecular interactions, the global agreement between calculated and experimental values is satisfactory. Calculated optimized geometry of boroxine derivative B1. 
Optical properties
Experimental and theoretical optical properties are collected in Table 3 . Table 3 . Absorption and nonlinear properties of molecules 1-3 in chloroform. Calculated maximum absorption wavelength and modulus at B3LYP/6-31G* level. First order hyperpolarisabilities are given using X convention. 
Absorption
As can be seen on Figure 6 , the molecules B1-B3 show an intense absorption band in the UV region but maintain full transparency in the near UV-visible region ( cut-off 325 nm). Compared to TIATB octupolar derivatives, the absorption is blue-shifted by about 100 nm. A crude estimate of the maximum absorption wavelength can also be deduced from the HOMO-LUMO energy gap and is reported in table 3 ( calc max ). The agreement between experimental and calculated values is especially good for the boroxine derivatives whereas agreement deteriorates for TATB and its soluble derivative TIATB. Nevertheless, it is well known that at the B3LYP/6-31G* level of theory, the trend of these wavelengths in homologous series is usually well described by these energy gaps whereas absolute values are much depending on the series. We observe a marked bathochromic and hyperchromic shift as well as a pronounced broadening of the absorption bands in the B1-B3 series ( Figure 6 and Table 3 ). This trend is most probably correlated with an increase of the periphery to core intramolecular charge transfer in agreement with a decrease of the HOMO-LUMO gap derived from calculations. In addition, all compounds show a slight positive solvatochromic behavior, indicating a larger stabilization of the excited state as compared to the ground state by a polar solvent. This behavior suggests that significant charge redistribution is taking place upon excitation. This should be related to the periphery-to-core intramolecular charge transfer from the donating appendices to the boron atoms upon excitation which can be inferred from the frontier orbitals plotted on Figure 7 . 
Quadratic nonlinearities
Comparison of Hammett constants and estimates (Table 3) indicates that increasing the donating strength of the substituents results in a significant enhancement of . In fact, molecule 3 bears the strongest electron-releasing groups of the series and displays the largest molecular optical nonlinearity, in correlation with a stronger solvatochromism. When compared to the values reported for TIATB, 26 a soluble analogue of TATB, all three compounds of this series show a marked increase, compound B3 showing a first-order hyperpolarisability more than ten times larger while maintaining improved transparency. Even more, these compounds show better transparencynonlinearity trade-off that tris-substituted triazines. 20, 26, 27, [33] [34] [35] This shows that the "boroxine" molecular engineering route implemented here is well founded.
Calculated values reproduce global trends, however quantitative agreement with experimental values is poor. This is not surprising at least for three reasons. First, it is well known that conventional exchange-correlation functionals incorrectly describe the polarization of conjugated systems when it is due to donor/acceptor groups. It has also been shown that solvent effects, which are neglected in the present work, lead to significant enhancement of both linear and non linear polarizabilities. 70, 71 In the case of TATB, enhancement of can be up to a factor of 2 in highly polar solvents, and the solvent effects could be even somewhat larger for the boroxine derivatives investigated in this study. In addition, it is clear that (hyper)polarizabilities as well as dipole moments, are very sensitive to the size of the basis set, especially for diffuse functions. This calls for more sophisticated theoretical studies taking into account the above-mentioned considerations.
CONCLUSION
The present study demonstrates that the novel "boroxine" route towards improved octupoles for NLO indeed leads to molecules displaying markedly improved nonlinearity-transparency trade-off as compared to the prototypical organic octupole 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) or the widely studied octupolar triazine derivatives. Combined experimental and theoretical investigations reveal that this behavior is related to a periphery-to-core intramolecular charge transfer phenomenon in relation with the low-aromaticity and electron-withdrawing character of the boroxine ring. This study opens a new route for molecular engineering of transparent octupolar derivatives for NLO, for different applications including the design of effective materials for SHG in the visible-blue region. Further improvement of the nonlinear responses should be achieved before applications in EOM are considered. This could be done for instance by using similar strategies as those developed for triphenylbenzenes. [22] [23] [24] [25] In addition, it would be particularly desirable to implement the smart crystal engineering routes that have proven successful for other 2-D octupolar derivatives. 35 
